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Abstract
Derivation and Validation of the Friction, Gravitational, and Air forces Encountered
during Installation of Fiber Optic Cable
Faheed O. Owokoniran
Master of Science in Mechanical Engineering
Minnesota State University Mankato - Mankato, Minnesota
2014
This paper presents an introduction to fiber optic cable and the fiber optic
communication system. An important phase in the supply of this new technology is to
transport the fiber optic cable to the vicinity of service. Cable pulling and cable blowing –
laminar flow & piston type - are the two main methods of installing fiber optic cable. Both
methods of installation have limiting factors that need to be evaluated in order to perform
a successful installation. The limiting factors for laminar type cable blowing are further
discussed in this paper. A method was proposed to determine the forces – friction,
gravitational, and air blowing forces - acting on a cable during installation. The forces were
derived and an experiment was performed to verify the pressure gradient equation. Another
experiment was conducted to determine the resistance to bend of a cable in order to predict
the normal force exerted on the inner-duct by the cable in a bend section. The derived
equations along with the relevant experimental results were used to create a program using
Microsoft Excel VBA. The result of the program was compared to the result a real-life
installation for validation. The program predicted a 12.7% greater installation distance.
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However, the program did not account for undulations that were present in the installation
route and air loss from the fiber optic installation machine.
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1.

Introduction

The increasing use of the internet and other telecommunication services has driven
relentless demand for higher bandwidth by consumers. This demand is expected to grow
at an unprecedented rate in the next few years. In the past, copper wire has been used to
conduct power, transfer data, and network machinery. The limitations of copper have been
made more apparent with the need for industries to satisfy the increasing demand of
consumers and keep up with the current level of technology. Consequently, the
telecommunication industry has turned to fiber optics to satisfy the demands of the
consumers. The fiber optic system meets all new needs with ample room for growth. In the
future, fiber optics will continue to evolve rapidly and enable new capabilities and services.
The success of this technology is due to the simple functionality of the fiber optic cable [1]
[2].
Fiber optic cable comprises of thin strands of glass which transport information
through pulses of light usually created by lasers. Each strand of glass has an almost limitless
capacity to transport information. The amount of information transported at a given time
can be altered by changing the lasers. A telephone call can be used to illustrate the fiber
optic communication system. An optical modulator (transmitter) converts the electric
signal from the telephone on one end to light pulses that are transmitted through the optical
fibers in a fiber optic cable (signal channel) to a photo-detector (receiver) which converts
the light pulses back into an electric signal to the telephone on the other end. The light
signals are transported in the optical fiber by a beam of light of one color. However, fiber
can transmit different colors simultaneously which means that several of such phone calls
can be transmitted through a given channel [1] [2].
1
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Fiber optic cable is usually installed in duct that has already been laid underground.
The two main methods of installation are: cable pulling and cable blowing – laminar flow
and piston type. Both methods have similar limitations but cable blowing is preferred
because longer installation distances can be achieved and it is less likely to damage the
cable. The cable and duct properties and condition, installation route, installation
equipment, fill ratio, bend radius, and coefficient of friction are the main factors that affect
installation performance. The installation route may be difficult to accurately measure but
a close approximation should be established in order to evaluate the effect of the forces
from the different sections on the cable and predict the outcome of an installation.
Predicting an installation could help the installation crew in selecting the proper equipment
for the installation and preparing the installation site for possible outcomes based on the
prediction. This could help save a lot of time and effort during installation.

2
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2.
2.1.

Background And Literature Review

Optical Fiber

2.1.1. Advantages
Fiber optic systems have many advantages over the pre-existing copper systems.
Optical fiber has greater bandwidth and faster data rates. Fiber optic cables are relatively
cheaper, easier to install, require less space and weigh less than copper wires [2][6].
Optical fiber does not emit electromagnetic or radio waves which implies that there
is no electromagnetic interference (EMI) or radio frequency interference (RFI) with
surrounding non-optical components. Voltage fluctuations and power surges do not affect
the transmission of data over optical fibers although electrical components on either end of
transmission may be affected. Attenuation, losses from transmission, is relatively lower in
optical fiber. This reduces the need for repeater stations and amplifiers along the route for
longer cable runs [2][3].
Fiber can be made to be more durable than traditional copper with the addition of
special coatings. Certain coatings can be used to increase the maximum allowable
temperature for a short period of time. Fiber is also more flexible than copper and can be
installed around tight corners while continuing to transmit relatively flawlessly [2].
Due to its limitless application and advantages, fiber optics have now widely used
in many industries. The use of fiber optic cable is expected to grow and an unprecedented
rate in the nearest future [7].

3
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2.1.2. Theory of Operation
Optical fiber is a medium that is used to transmit signals from one point to the other.
The signal is able to travel in the optical fiber by reflecting back and forth within the
boundary of the core and cladding. Signals transmitted through a fiber are confined to the
core without penetrating through the cladding. This is as a result of the low refractive index
of the cladding. The refractive index of a material is a measure of the material’s ability to
bend light. When a signal hits the boundary between the core and the cladding at an angle
greater than the fiber’s critical angle, the wave will not penetrate the cladding and will be
completely reflected since the cladding has a low refractive index. The phenomenon is
known as total internal reflection.

Figure 1: Total Internal Reflection [5].
Snell’s law can be used to determine the critical angle 𝜃𝑐 . Snell’s law states that the
ratio of sines of the angles of incidence and refraction is equivalent to the reciprocal of the
ratio of the indices of refraction.
sin 𝜃𝑖
sin 𝜃𝑟

4

=

𝑛𝑟
𝑛𝑖

(1)[5]
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The angle of incidence can be calculated by rearranging Snell’s law as follows:
sin 𝜃𝑖 =

𝑛𝑟
𝑛𝑖

sin 𝜃𝑟

𝑛

𝜃𝑖 = 𝜃𝑐 = arcsin [( 𝑛𝑟 ) sin 𝜃𝑟 ]
𝑖

(2)[5]

(3)

The critical angle can be calculated at the maximum absolute angle of transmission
when 𝜃𝑟 = 90°. Therefore, sin 𝜃𝑟 = sin 90° = 1.
𝑛

𝜃𝑖 = arcsin ( 𝑛𝑟 )
𝑖

(4)[5]

2.1.3. Optical Fiber Types
Multimode
Multimode fibers have relatively larger cores which allow several modes
simultaneously. When a signal pulse is generated into a multimode fiber, the different
modes enter the core of the fiber from different angles and each propagates at a different
speed. This results in modal dispersion, broadening of the pulse, and limits the speed at
which succeeding pulses may be generated without overlapping [2].
Multimode step-index fibers carry several wavelength of light in a uniform
refractive core. Each mode of light is transmitted through to the other end at a unique angle.
The modes can then be sorted and decoded based on their angle. The cladding functions as
a mirror in reflecting the light in straight paths at their unique angles back to the interior
wall of the core along the fiber route [2].

5
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Multimode graded index fibers are designed to limit modal dispersion. The index
of refraction of the core gradually changes from the center point outward which causes the
velocity of the modes to increase with increasing distance from the mode [2].
Multimode fibers are typically used for short distance, e.g. buildings, because of
the likelihood of modal dispersion over long distances [5].
Singlemode
Singlemode or monomode fibers have a small core size (<10µm) and can only
allow transmission of one mode of light. This allows pulses, carrying data in form of light,
to be transmitted more frequently which results in relatively higher bandwidth [2].

Figure 2: Multimode and Singlemode Fibers – Cross Sections [3].

6
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Figure 3: Multimode and Singlemode Light Propagation [4].
2.1.4. Fiber Construction
For both optical and mechanical advantages, fiber is constructed in layers of
concentric circles [2]. The main constituent of a fiber optic cable are presented below:
Core
The core is a single continuous strand of high-purity glass or plastic through which
signals travels from a light source to a receiving device [2] [5]. It is the central portion of
a complete fiber and be treated to change its refractive index [2]. The diameter of a core is
less than the diameter of human hair and is measured in microns. A larger core can transmit
more light which implies higher data transfer rate [5].

7
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Cladding
A cladding is a thin layer that surrounds the core to prevent light from leaking and
guides the light in the proper direction along the fiber route [2] [5].
Coating
The cladding is usually surrounded by a layer, called the coating, to provide
handling protection and corrosion resistance [2]. The coating helps absorb shock and
protects the fiber from excessive bends but it has no effect on the optical wavelength
properties [5]. The coating could further be buffered for additional protective layers [2].
Strengthening Fibers
Strengthening fibers protect the fiber core from crushing and excessive tension. In
a case where multiple optical fibers are bundled together, light absorbing glass is added
between the fibers to prevent cross transfer of light from one fiber to the other [5].
Cable Jacket
The cable jacket or cable sheath protects the cable from environmental hazards [5].
Several optical fibers can be bundled together and wrapped with a sheath to form a single
fiber optic cable [2].

Figure 4: Basic Configuration of a Fiber Optic Cable [5].
8
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Figure 5: Several Optical Fibers Bundled in a Single Fiber Optic Cable [11].
2.2.

Signal Attenuation
Signal attenuation is a term used to describe the losses from signal transmission in

optical fiber. It is measured in decibels (dB) per unit length of fiber and multiplied by the
total length of fiber to determine the total fiber loss. Signal attenuation could occur for
several reasons as discussed below [5]:
I.
II.

Impurities in optical fiber and inconsistencies in the fiber fabrication.
Splice losses at splice locations range from 0.2 to over 1.0 dB for mechanical
splices and <0.1dB for fusion splices. However, splice losses can be amplified due
to poor cleave, misaligned fiber cores, air gap, contamination, index of refraction
mismatch, and core diameter mismatch.

III.

Connector losses at optic connectors range from 0.25 to over 1.5 dB. Other
contributing factors include: contaminants at connector, improper connector
installation, damaged connector faces, poor cleave, misaligned fiber cores, and
index of refraction mismatch.
9
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IV.

Bend losses occur when a fiber is bent at a smaller radius than the minimum bend
radius of the fiber. Bend losses could also occur at sharp curves, due to poor
installation practice, etc.

V.

Fresnel reflection occurs when the refractive index changes at any light boundary
resulting in the light to be reflected back into the initial medium. Fresnel reflection
could also occur at the ends of a fiber in the presence of fiber-air interface or
significant index of refraction mismatch. The amount of light reflected by Fresnel
reflection can be estimated as follows:
(𝑛

−𝑛

)2

𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝑙𝑖𝑔ℎ𝑡 (%) = (𝑛𝑐𝑜𝑟𝑒 +𝑛𝑎𝑖𝑟 )2 × 100%
𝑐𝑜𝑟𝑒

2.3.

𝑎𝑖𝑟

(5)[5]

Fiber Optic Communication System
Although the advantages of the new fiber optic cable communication system are

countless, most consumers are unaware of the simplicity of the system and how it works.
A basic communication system consists of a transmitter, a signal channel, and a receiver.
Transmitter
The transmitter generates signal and converts it to a form that is suitable for
transmission and sends it through the signal channel. A fiber optic communication system
starts with a light source, usually a semi-conductor diode laser, which forms the core of the
transmitter. The laser could either be single frequency or tunable. Single frequency lasers
can only radiate one color while the tunable lasers can be tuned from one color to another
but can only radiate one color at a time. For either type of lasers, a constant frequency,
intensity and brightness of the output should be maintained to prevent noise in the

10
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transmission link. A wavelength locker control system is typically used to monitor changes
in the laser’s output and make adjustments to maintain a constant output [1].
Each wavelength locker can only stabilize one laser therefore a separate wavelength
locker is used for each laser in a fiber optic system. This may result in different output
intensities from different lasers. This issue is further corrected by placing an electronic
variable optical attenuator (EVOA) in line with each laser to adjust the amount of light
emitted by each laser and ensure that they have the same intensity [1].
With constant and stabilized output from the lasers, the light is directed into an
optical modulator. The laser could either by directly modulated or externally modulated by
electro-optical modulators. In fiber optic systems, electro-optical modulation is preferred
as direct modulation tends to change the optical gain of the laser material and its index of
refraction [1].
The transmitter ends with a multiplexer which is used to direct the signals from all
the laser sources to the optical fiber. This implies that all the different laser outputs of
various colors are combined and transmitted through one fiber [1].
Signal Channel
The signal channel is the medium through which the converted signal from the
transmitter travels to the receiver. Signal channel could either be guided or unguided. Fiber
optic communication system uses optical fiber as a guided signal channel. Air is an
example of an unguided channel as used in radios. In the case of a fiber optic
communication system, the signal channel is a segment of optical fiber. In optical fiber,
signal attenuation occurs as well as chromatic dispersion. Chromatic dispersion is a
11
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phenomenon whereby different colors of light travel at different speeds. If this occurs for
a relatively long distance, signal errors could occur as the channels tend to broaden and
eventually interfere with each other. This is also the case for a single channel as the
individual data-bit pulses broaden and cause bit errors [1].
Repeater stations or nodes are usually built along the way to clean up degradation
in the incoming signal. A dispersion compensator is used to balance the differences in path
length of each color so that frequency of the signal is properly spaced. An amplifier is used
to amplify the signal back to a level that is needed to be transmitted down the fiber path.
This amplification is not done uniformly so a gain-flattening filter is used to ensure equal
intensity from all channels. Finally, the signal is directed through a system of switches,
routers and optical add-drop multiplexers to be routed to different destinations [1].
Receiver
The receiver extracts the signal from the signal channel and converts it to a form
that is usable to the relevant telecommunication device. The signal is first separated back
into individual channels by a going through a de-multiplexer. The signal from each
separated channel is attenuated to a safe level for the photo-detector by an EVOA. The
photo-detector converts the signal back to an electrical signal to be used by a
telecommunication device [1].

12

Derivation and Validation of the Friction, Gravitational, and Air forces Encountered during Installation of Fiber Optic Cable

Figure 6: Basic Fiber Optic Communication System [1].
2.4.

Fiber To The Home (FTTH)
The installation of fiber optic cable has become very popular in the

telecommunication industry worldwide over the past few years. This trend is generically
referred to as fiber to the X (FTTX). An example of a more specific definition of this term
is fiber to the home (FTTH). FTTH as the term implies, is the distribution of
telecommunication signals to the homes and businesses of consumers using fiber optic
cable. This replaces the existing method of signal delivery using copper infrastructure.
13
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Although the cost of implementing this new technology seems high, the benefits and
potential are boundless. This technology is responsible for building the new generation of
communication around the world. Today, more than 200 million homes are equipped with
access to fiber connections [6] [7].
FTTH is a new and advanced method of providing access to higher bandwidth (for
both upload and download from the internet) to the consumers which has greatly improved
the quality and robustness of telecommunication services. The improved services can be
exploited by the consumers for different applications and opportunities that could
potentially generate revenue and improve the quality of life – e.g. internet business, remote
medical checkups, educational opportunities, etc. Other advantages include greater
reliability, lower operating costs, and lower energy use [6] [7].
The fiber optic cable is usually installed in conduit which is laid underground from
the operator switching equipment to the final destination. There are two main techniques
for installing fiber optic cable in conduit: cable pulling and cable blowing. However, both
techniques have limiting factors. Clear consideration and evaluation of relevant limiting
factors will save time, ensure smooth installation, prevent damage to the cable, and provide
a close prediction of the outcome of an installation.
2.5.

Installation Methods
To ensure the effective operation of this technology, the fiber optic cable must be

successfully distributed. This is accomplished by installing the fiber optic cable through
conduit, which has already been laid out underground, from the operator switching

14
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equipment to the final destination. The two main methods of installing fiber optic cable are
discussed below:
2.5.1. Cable Pulling
Cable pulling is the oldest and most common technique of cable installation. To use
this basic technique, a pulling rope is first installed in the conduit with one end attached to
the cable. Upon reaching the end of the conduit, the pulling rope is then drawn from the
end of the conduit to drag the cable through the conduit.

Figure 7: Cable Pulling Schematic [9].
This technique, though basic, has some limitations. The properties of the cable,
conduit, installation layout etc. affect the overall outcome. To ensure proper cable
installation using this technique, it is important to know the maximum recommended
tension on cable, maximum distance cable can be pulled, and how to minimize splices.
This guarantees an efficient cable pulling installation process with minimal issues.
Knowing the maximum recommended tension on cable helps determine the
allowable pull tension on the cable and prevents damage. The maximum distance cable can
be pulled helps to determine the possibility of an installation. It takes into account the effect
of the properties of the cable, conduit, installation layout, etc. [9]. The friction between the
cable and the inner-duct wall increases the required pulling tension as the length of installed
15
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cable increases [10]. It is important to evaluate a proper way to perform the installation
operation with minimal damage to the cable [9].
2.5.2. Cable Blowing
Cable blowing technique requires pushing the cable with a mechanical drive system
[10] while using a pneumatic system (compressed air flow) to push the cable through the
conduit [9][8]. This technique enables the installation of longer cable lengths and is
especially suitable for light weight fiber optic cable designed for that purpose [9] [10] [11].
Most cable blowing installation equipment generally comprise of a mechanical drive
system. This usually consists of traction rollers that push the cable into the duct. The
mechanical drive system can be exclusively used to install short runs of fiber optic cable
into conduit. However, the strength and flexibility of the fiber optic cable limit the
efficiency of the system as the fiber optic cable can only be pushed until it buckles. On the
other hand, the pneumatic system helps keep the cable afloat in the duct thereby minimizing
sidewall pressure and reducing friction between the cable and the duct [10]. Therefore,
introducing a pneumatic system can greatly improve the installation process. There are two
different types of cable blowing techniques: laminar flow type and piston type.
Laminar Flow Type
Laminar flow type allows full air flow through the conduit [8]. It requires high
pressure, and high volume air flow. The speed of the air along the length of the jacket of
the cable provides a force which propels the cable through the duct [9]. Here, the push/pull
force from the air is distributed along the length of the cable [10].

16
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Figure 8: Laminar Flow Type [12].
Piston Type
For piston type, an air tight piston is attached to the leading end of the cable. This
type of cable blowing only requires high pressure. The air is trapped behind the air tight
piston and the air pressure pushes on the piston and consequently pulls the cable. It is
important not to exceed the maximum cable tension to avoid damaging the cable [8] [12].

Figure 9: Piston Flow Type [12].
As with cable pulling, the properties of the cable, conduit, installation layout etc.
also affect the overall outcome of cable blowing.

17
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2.6.

Factors That Affect Installation
This section focuses on the general factors that affect fiber optic cable installation

using the laminar flow type installation method. These factors are mainly dependent on the
cable, duct, installation route, and installation equipment.
2.6.1. Cable Properties And Condition
Cable Sheath Properties
When the sheath of the cable comes in contact with the inner-duct, friction is
generated. This creates restriction to the motion of the cable in the inner-duct and increases
the amount of push force required to install the cable. This friction cannot be eliminated
but its effect can be reduced by using a cable sheath with low coefficient of friction.
However, if the coefficient of friction is too low, this may affect the grip from the
mechanical drive system and may result in slipping [7].
The type of sheath finish is important especially for laminar type cable blowing
because the push force is produced by the speed of the air along the length of the sheath of
the cable. A smooth sheath maximizes air flow over the cable while a stranding formation
(reflective) increases the effectiveness of viscous drag. See Figure 10 for cable sheath
finishes [4] [7].
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Figure 10: Cable Sheath Finishes: Left to right – Smooth, Reflective and Highly
Reflective (Stranding Formation)
Diameter
The diameter of the cable affects the cable/inner-duct fill ratio. This affects the
ability of the cable to maneuver bends in the installation route. For air-assisted installation
(cable blowing) the fill ratio determines the amount of space available for air flow. The
lower the fill ratio, the more space available for air flow and vice-versa
Stiffness
The stiffness of the cable also determines its ability to maneuver through bends in
the installation route [7] and the allowable push/pull force that can be applied to the cable.
The maximum tension controls the allowable push/pull force that can be applied to the
cable by the installation equipment. The minimum bend radius controls how much the
cable can maneuver through bends [5].
19

Derivation and Validation of the Friction, Gravitational, and Air forces Encountered during Installation of Fiber Optic Cable

Weight
The weight of the cable affects the force required to install the cable in the innerduct. The heavier the cable the more force required to install it and vice versa.
Cable Condition
The condition of the cable affects the maximum achievable installation distance. It
is important to keep the cable clean and free from debris to prevent any kind of obstruction
during installation. Cables which tend to easily conform to a shape of curve will generally
create more side load and drag thereby reducing the maximum achievable installation
distance. This effect increases with increasing cable diameter [7].
2.6.2. Duct Properties and Condition
Bore Liner
To reduce the effect of friction between the cable sheath and the inner duct, it is
important that the bore liner material have a low coefficient of friction. For cable blowing,
the coefficient of friction of the bore liner affects the flow rate of the air through the duct
i.e. the lower the coefficient of friction, the higher the flow rate and vice versa [7]. The air
flow is also affected by the type of duct wall. Smooth or ribbed wall ducts allow smooth
air flow through the duct and thus better performance and longer cable installation
distances relative to corrugated inner duct which distorts the flow of air through the duct
[5].
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Inner Diameter of Duct
The inner diameter of the duct affects the cable/inner-duct fill ratio which controls
the level of air flow and the ability of the cable to maneuver through the conduit installation
route [7].
Duct Stiffness
The flexibility of the duct determines the form of the cable in the inner-duct. More
flexible duct increases the chances of undulations of the cable in the inner-duct which
reduces the maximum achievable installation distance [7].
Duct Condition
The condition of the duct refers to the integrity and cleanliness of the duct. The
presence of debris and obstruction in the inner duct could create additional resistance to
the cable and reduce the achievable distance during installation. Holes in the duct and
poorly installed duct couplings lead to leaks and affect the effectiveness of the air when
using the cable blowing installation technique. It is also important to select a duct that can
handle the pressure and forces required for installation [3] [5].
2.6.3. Installation Route
The installation route is the path from the installation point to the destination of the
cable. The duct is first installed through this route then the cable is then installed into the
duct. The sections in the installation route have different effects on the achievable
installation distance. The possible sections can be generalized as follows:
I.

Horizontal Straight Section
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II.

Vertical-Up Straight Section

III.

Vertical-Down Straight Section

IV.

Incline-Up Straight Section

V.
VI.

Incline-Down Straight Section
Bend Section

See Appendix A2 for description of sections.
2.6.4. Installation Equipment
Fiber Optic Cable Blowing Installation Machine
The blowing head is required to deliver the cable from the drum to the air stream
inside the duct with no tension on the cable. Upon entry of the cable into the duct, the air
flow propels it through the installation route. The blowing head is also required to provide
a high level of additional push force to the cable without damaging it. The need for
additional push force is due to the effect of the change in tension in the sections of the
installation route and the reduction in air flow as the installation route increases [7]. The
maximum push force applied to the cable should be determined and observed during
installation to prevent the cable from buckling in the duct when an obstruction is
encountered [5]. It is important to ensure that the mechanical drive of the fiber optic
installation machine can provide the adequate amount of push required for the installation.
The installation speed of the machine should also be considered if the total installation time
is a factor for the installation.
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Compressor
For cable blowing applications, a suitable compressor should be selected for use
to ensure the supply of the required air flow as well as clean, oil-free, and water-free air
[7]. A compressor capable of supplying consistent and adequate pressure and volume
should be used.
Lubricant
The use of proper lubricant in the cable installation process has been proven to
reduce the friction between the cable and the duct and also increase the achievable
installation distance [7] [5]. The compatibility of the lube, cable and duct should be
determined before installation to determine the effectiveness of the arrangement.
2.6.5. Fill Ratio
The diameter of the cable should be considered alongside the inner diameter of the
duct to determine the fill ratio. The fill ratio could either be calculated as the ratio between
the cable outer diameter and the inner diameter of the duct or the ratio of the cross sectional
area of the cable to the cross sectional area of the inner-duct. Figure 11 shows the cross
sectional view of cable in a duct.

Figure 11: Fill Ratio – Cross Section [10]
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Equations (1) & (2) below can be used to calculate fill ratio [10]:
𝑑

𝐹. 𝑅. (𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟) = (𝐷) ∗ 100%
𝑑 2

𝐹. 𝑅. (𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎) = (𝐷) ∗ 100%

(6)[10]

(7)[10]

There are different fill ratio recommendations depending on the method of
calculation. For optimum performance, Corning Cable System LLC recommends a fill ratio
within the range of 50% to 80% using Equation (6) and a fill ratio of 65% or less using
Equation (7) [10].
For cable blowing installation technique, longer installation distances can be
achieved with higher fill ratios. The high fill ratio ensures that the cable does not fold over
or form a wave as it is installed into the duct. The limitation to the performance with high
fill ratio is the capability of the cable to maneuver through bends in the duct route [10].
2.6.6. Bend Radius
The common formula for the allowable bend radius for fiber optic cable is given
as [10]:
𝐵𝑒𝑛𝑑 𝑅𝑎𝑑𝑖𝑢𝑠 ≥ 15 ∗ 𝑑

(8)

However, the minimum bend radius of fiber optic cable could vary depending on
other cable properties. Different cable manufacturers recommend different values for the
allowable bend radius. Therefore, the minimum bend radius of the fiber optic cable to be
used must be verified before installation. The radius of bends in the installation route and
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for other installation equipment should be greater than or equal to the minimum bend radius
of the cable [10].
On the other hand, the allowable tension for a specific cable can be obtained from
the manufacturer. This controls the push/pull force that can be applied by the installation
equipment. The maximum push/pull force to be applied to the cable by the mechanical
drive without folding it over in the duct, in-case of an obstruction, must also be determined
before installation to prevent damaging the cable [10]. Condux International recommends
performing a crash test. This is done by installing a piece of cable into a plugged piece of
duct at full speed. The tractor drive should be tightened as needed to prevent the cable from
slipping when it hits the plugged end of the duct. The push force should be adjusted as
needed with small increments/decrements until the cable no longer folds in the sample
piece of duct when installed at high speed [15].
2.6.7. Coefficient of Friction
The coefficient of friction between the cable and the inner-duct is an important
parameter to determine blowing performance. Existing techniques to determine this
parameter do not offer reliable values that predict blowing performance. However, an
alternative method known as “Blow Simulation” has been proven to show excellent
correlation with blowing reference tests. Using this method, a sample cable is placed in a
sample duct of given length. Air is forced through the duct by a pressure chamber and the
air and pressure are monitored and controlled such that the inlet and outlet pressure of the
sample duct are maintained. The cable is moved back and forth in the pressure chamber at
constant speed and the force was monitored using a force sensor. A piece of larger duct is
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attached to the end of the sample cable to equalize the pressure when the cable is moved
back and forth and to reduce the effect of friction caused by the curvature of the cable [14].

Figure 12: Blow Simulation Test [14].
The net force acting on the cable is given as:
𝑑𝐹
𝑑𝑥

=−

𝜋𝑑𝐷 𝑑𝑝
4 𝑑𝑥

± 𝑓𝑤𝑥

(9)[14]

For a straight section with positive tensile force on the cable and linearly
approximated pressure drop, the coefficient of friction can be numerically determined
from the net force acting on the sample cable [14].
𝜋

𝑓 = ±4

𝐷∗𝑑(𝑝𝑖 −𝑝𝑒 )−𝐹
𝑤𝑥 𝐿

(10)[14]

Figure 13 below shows the result from field tests compared to blow simulation tests.
The line on the graph represents 100% correlation. The results showed excellent correlation
between the measured coefficient of friction and the coefficient of friction obtained from
the blow simulation test [14].
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Figure 13: Calculated COF’s from blowing ref. tests of different cables in different
micro-ducts, plotted against measured COF’s with the blow simulation test [14].
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3.
3.1.

Theoretical Approach

Derivation of Air Blowing Force
The force on the cable due to the introduction of air flow in the inner-duct comprises

of hydrostatic force (floatation force) and viscous force (frictional shear force along the
fiber sheath) [13].
The hydrostatic force is the resulting force from displacing a unit volume of fiber
in a pressure gradient:
𝜋𝑑2

𝑑𝐹ℎ𝑠 = (

4

𝑑𝑝

𝑑𝑥) 𝑑𝑥

(11)[13]

Therefore, the change in hydrostatic force per unit length of displaced fiber can be
written as:
𝑑𝐹ℎ𝑠
𝑑𝑥

=

𝜋𝑑2 𝑑𝑝
4 𝑑𝑥

(12)[13]

The viscous force is the resulting force from the force difference in the annulus:
𝑑𝐹𝑣 =

𝜋(𝐷 2 −𝑑2 )
4

𝑑𝑝

(13)[13]

The change in the viscous force per unit length of fiber can be written as:
𝑑𝐹𝑣
𝑑𝑥

=

𝜋(𝐷 2 −𝑑2 ) 𝑑𝑝
4

𝑑𝑥

(14)[13]

Assuming that the shear force of the air flowing radially through the annulus is
shared between the inner-duct and the fiber sheath, the proportion of the viscous force on
the fiber alone can be derived by multiplying the total viscous force by the ratio of the fiber
sheath surface to the total surface:
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𝐹𝑖𝑏𝑒𝑟 𝑠ℎ𝑒𝑎𝑡ℎ 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑟𝑎𝑡𝑖𝑜 =

𝑑
𝐷+𝑑

(15)[13]

The change in the viscous flow per unit length of displaced cable acting on the cable
alone can now be written as:
𝑑𝐹𝑣,𝑐 𝜋(𝐷2 − 𝑑 2 )
𝑑
𝑑𝑝
=
(
)
𝑑𝑥
4
𝐷 + 𝑑 𝑑𝑥
𝑑𝐹𝑣,𝑐 𝜋(𝐷 − 𝑑)(𝐷 + 𝑑)
𝑑
𝑑𝑝
=
(
)
𝑑𝑥
4
𝐷 + 𝑑 𝑑𝑥
𝑑𝐹𝑣,𝑐
𝑑𝑥

=

𝜋𝑑(𝐷−𝑑) 𝑑𝑝
4

𝑑𝑥

(16)[13]

The total blowing force can now be calculated as the sum of the hydrostatic and
viscous forces [13]:
𝑑𝐹𝑏𝑙𝑜𝑤 𝑑𝐹ℎ𝑠 𝑑𝐹𝑣,𝑐
=
+
𝑑𝑥
𝑑𝑥
𝑑𝑥
𝑑𝐹𝑏𝑙𝑜𝑤 𝜋𝑑 2 𝑑𝑝 𝜋𝑑(𝐷 − 𝑑) 𝑑𝑝
=
+
𝑑𝑥
4 𝑑𝑥
4
𝑑𝑥
𝑑𝐹𝑏𝑙𝑜𝑤
𝑑𝑥

3.2.

=

𝜋𝑑𝐷 𝑑𝑝
4 𝑑𝑥

Pressure Gradient Derivation

Figure 14: Control Volume
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Assuming single-phase compressible isothermal flow in a straight pipe, the
pressure drop due to friction can be derived by applying ideal gas law, momentum equation
(relation to force), and mass conservation equation. The local pressure will then be derived
from the pressure drop by applying the initial and boundary conditions. Finally, the
pressure gradient will be derived by simply differentiating the local pressure with respect
to the axial direction of air flow.
From the momentum equation:
(18)

ϸ = 𝑚𝑣
𝐹=

𝑑ϸ
𝑑𝑡

=

𝑑(𝑚𝑣)
𝑑𝑡

=

𝑣𝑑𝑚
𝑑𝑡

+

𝑚𝑑𝑣
𝑑𝑡

= 𝑚̇𝑣 + 𝑚𝑎

(19)

Assuming the fluid is not accelerating, a=0:
𝐹 = 𝑚̇𝑣

(20)

Applying equation (20) to the sum of the forces for the control volume:
𝛴𝐹 = 𝑚̇2 (𝑣 + 𝑑𝑣) − 𝑚̇1 𝑣

(21)

From the mass conservation equation, and assuming constant area:
𝑚̇1 = 𝑚̇2 = 𝑚̇
𝑚̇ = 𝜌𝑣𝐴

(22)
(23)

Substituting equations (22) and (23) in equation (21) yields:
𝛴𝐹 = 𝜌𝑣𝐴(𝑑𝑣)
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The sum of the forces for the control volume (horizontal pipe section) can also be
written as follows:
𝛴𝐹 = 𝑝𝐴 − (𝑝 + 𝑑𝑝)𝐴 − τ𝑤 𝜋𝐷𝑑𝑥 = −𝑑𝑝𝐴 − τ𝑤 𝜋𝐷𝑑𝑥

(25)[16]

Equating the sum of forces from equations (24) and (25) yields:
𝜌𝑣𝐴(𝑑𝑣) = −𝑑𝑝𝐴 − τ𝑤 𝜋𝐷𝑑𝑥
−𝑑𝑝𝐴 = 𝜌𝑣𝐴(𝑑𝑣) + τ𝑤 𝜋𝐷𝑑𝑥
Eliminating the area term, 𝐴 =

𝜋𝐷 2
4

, yields:

−𝑑𝑝 = 𝜌𝑣(𝑑𝑣) +

τ𝑤 𝜋𝐷
𝑑𝑥
𝜋𝐷2
4

−𝑑𝑝 = 𝜌𝑣(𝑑𝑣) +

4τ𝑤
𝐷

(26)

𝑑𝑥

We also derive the relationship between pressure change and total head loss, from
the energy equation.
𝑝

+
𝜌

𝑣2
2

+ 𝑔𝑧 + 𝑢 =

(𝑝+𝑑𝑝)
𝜌

+

(𝑣+𝑑𝑣)2
2

+ 𝑔(𝑧 + 𝑑𝑧) + (𝑢 + 𝑑𝑢) + 𝑔ℎ𝐿

(27)[16]

Knowing that the kinetic equation is the same at any section and 𝑑𝑢 = 0 (for
isothermal flow), and for a horizontal pipe 𝑑𝑧 = 0, equation (27) becomes:
𝑝
(𝑝 + 𝑑𝑝)
+ 𝑔𝑧 =
+ 𝑔ℎ𝐿
𝜌
𝜌
𝜌𝑔ℎ𝐿 = −𝑑𝑝
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We derive the relationship between pressure change and wall shear stress, τ𝑤 , by
equating the force balance equation in equation (25) to zero.
0 = −𝑑𝑝𝐴 − τ𝑤 𝜋𝐷𝑑𝑥
τ𝑤 𝜋𝐷𝑑𝑥 = −𝑑𝑝𝐴
4τ𝑤 𝑑𝑥
𝐷

= −𝑑𝑝

(29)

= 𝜌𝑔ℎ𝐿

(30)

From equation (28) and equation (29):
4τ𝑤 𝑑𝑥
𝐷

Knowing that ℎ𝐿 is the head loss given as:
𝑓 𝑣2

ℎ𝐿 = ℎ𝐿,𝑚𝑎𝑗𝑜𝑟 = 𝐷 2𝑔 𝑑𝑥

(31)

Substituting equation (31) in equation (30) yields:
4τ𝑤
𝑓 𝑣2
𝑑𝑥 = 𝜌𝑔
𝑑𝑥
𝐷
𝐷 2𝑔
4τ𝑤
𝐷

𝑑𝑥 =

𝑓𝜌𝑣 2
2𝐷

𝑑𝑥

(32)

Substituting equation (32) in equation (26) yields:
𝑓𝜌𝑣 2
−𝑑𝑝 = 𝜌𝑣(𝑑𝑣) +
𝑑𝑥 = 0
2𝐷
𝑑𝑝

− 𝜌𝑣2 =

𝑑𝑣
𝑣

𝑓

+ 2𝐷 𝑑𝑥

32
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In order to be able to integrate the left side of equation (33), the term 𝜌𝑣 2 has to be
constant:
From the ideal gas law
𝑝𝑣 = 𝑛𝑅𝑇

(34)

Where n, number of moles, is the ratio of mass to molar mass:
𝑚

𝑛=𝑀

(35)

Equation (34) becomes:
𝑝𝑣 =

𝑝=
𝑅
𝑀

𝑚
𝑅𝑇
𝑀

𝑚𝑅

𝑅

𝑇 = 𝜌𝑀𝑇
𝑀

(36)

= 𝑅𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐

(37)

𝑝 = 𝜌𝑅𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑇

(38)

𝑣

is the specific gas constant:
𝑅
𝑀

Equation (36) becomes:

For isothermal flow:
𝑝
𝜌

= 𝑅𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑇 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

At a point, x, upstream in the flow:
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𝑝 𝑝𝑥
=
𝜌 𝜌𝑥
𝑝

𝜌

𝑝𝑥

=𝜌

(40)[16]

𝑥

Using the mass conservation equation from equations (22) and (23), assuming
constant mass flow, and constant flow area at a point, x, upstream in the flow:
𝜌𝑣 = 𝜌𝑥 𝑣𝑥

(41)[16]

Squaring both sides of equation (41) yields:
(𝜌𝑣)(𝜌𝑣) = (𝜌𝑥 𝑣𝑥 )(𝜌𝑥 𝑣𝑥 )

(42)

Solving for 𝜌𝑣 2 and substituting equation (40) in equation (42) yields:
𝜌𝑣 2 =

(𝜌𝑥 𝑣𝑥 )(𝜌𝑥 𝑣𝑥 )
𝜌

=

𝜌𝑥
𝜌

𝑣𝑥 (𝜌𝑥 𝑣𝑥 ) =

(𝑝𝑥 𝑣𝑥 )(𝜌𝑥 𝑣𝑥 )
𝑝

(43)

Substitute equation (43) in equation (33)

−

𝑝𝑑𝑝
𝑑𝑣
𝑓
=
+
𝑑𝑥
(𝑝𝑥 𝑣𝑥 )(𝜌𝑥 𝑣𝑥 )
𝑣
2𝐷

𝑑𝑣
𝑓
−𝑝𝑑𝑝 = (𝑝𝑥 𝑣𝑥 )(𝜌𝑥 𝑣𝑥 ) ( +
𝑑𝑥)
𝑣
2𝐷
𝑑𝑣

𝑓

−𝑝𝑑𝑝 = 𝑝𝑥 𝜌𝑥 𝑣𝑥 2 ( 𝑣 + 2𝐷 𝑑𝑥)
Integrating equation (44) yields, the pressure drop due to friction:
𝑝2

− ∫ 𝑝𝑑𝑝 = 𝑝𝑥 𝜌𝑥 𝑣𝑥 2 (∫
𝑝1

𝑣2

𝑣1

34

𝑑𝑣
𝑓 𝑙
+
∫ 𝑑𝑥 )
𝑣
2𝐷 0

(44)
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𝑝

𝑝2 2
𝑓
𝑣
[𝑥]𝑙 )
− [ ] = 𝑝𝑥 𝜌𝑥 𝑣𝑥 2 ([ln 𝑣]𝑣21 +
2 𝑝
2𝐷 0
1

𝑝2 2 − 𝑝1 2
𝑣2 𝑓𝑙
−(
) = 𝜌𝑥 𝑝𝑥 𝑣𝑥 2 (𝑙𝑛 + )
2
𝑣1 2𝐷
𝑣

𝑓𝑙

𝑝1 2 − 𝑝2 2 = 𝜌𝑥 𝑝𝑥 𝑣𝑥 2 (2𝑙𝑛 𝑣2 + 𝐷 )
1

(45)

The local pressure can be derived assuming the pressure drop is linear along the
length of the pipe and applying the initial condition, 𝑝(𝑥 = 0) = 𝑝1 , and boundary
condition, 𝑝(𝑥 = 𝑙) = 𝑝2 :
𝑥

𝑝(𝑥) = √𝑝1 2 − (𝑝1 2 − 𝑝2 2 ) 𝑙

(46)

The pressure gradient is finally derived by differentiating the local pressure from
equation (46):
𝑑𝑝(𝑥)
𝑑𝑥

3.3.

=

𝑝1 2 −𝑝2 2

=
𝑥

2𝑙√𝑝1 2 −(𝑝1 2 −𝑝2 2 )

𝑝1 2 −𝑝2 2
2𝑙𝑝(𝑥)

(47)

𝑙

Friction Forces (𝑭𝒇 ) and Gravitational Forces (𝑭𝒈) Derivation
The forces acting on a cable during installation into a duct aside from the applied

forces are assumed to be only friction and gravity. The friction force is as a result of contact
between the cable and inner-duct which restricts the motion of the cable while the
gravitational force results from the effect of gravity on the cable in certain sections and
could be either restrict or assist installation. The possible sections in an installation route
and their corresponding forces are described below:
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Straight Section
A straight section could be incline (up/down), horizontal and vertical (up/down).

Figure 15: Straight Section
For an incline section, both the friction and gravitational force act on the cable. The
normal force is the horizontal component of the total weight of the given section of
cable (𝑤𝑥 cos 𝜃𝑑𝑥). The friction force can then be derived by multiplying the normal force
by the coefficient of friction(𝑤𝑥 𝑓 cos 𝜃𝑑𝑥). On the other hand, the gravitational force is
the vertical component of the total weight of the given section of cable (𝑤𝑥 sin 𝜃 𝑑𝑥). The
sum of both forces is the total force in the given section.
𝐹 = 𝑤𝑥 (𝑓 cos 𝜃 ± sin 𝜃)𝑑𝑥

(48)

The direction of motion with respect to the incline determines the effect of the
gravitational force. A positive sign should be used for an incline-up section while a
negative sign should be used for an incline-down section.
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A horizontal section means that 𝜃 = 0°. This can be substituted in equation (48)
above. Since sin 0 = 0, the gravitational force will be zero. This proves that only friction
force is present in a horizontal section.
For a vertical section, 𝜃 = 90°, and can also be substituted in equation (48) above.
Since cos 90 = 0, the friction force will be zero which proves that only gravitational force
is present in a vertical section. However, the direction of motion affects the effect of the
gravitational force. A positive sign should be used for a vertical-up section while a negative
sign should be used for a vertical-down section.
Bend Sections
Due to the rigidity of a cable, a force is exerted when going through a bend. This
force can be described as the normal force exerted on the inner-duct by the cable. With this
assumption, the cable can be modeled as a torsion spring.

F

F

Figure 16: Force on Bend Section
Modeling the cable as a torsion spring using Hooke’s Law (angular):
𝐹 = 𝜅𝜙
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The relationship between 𝜙 and 𝛽 can be expressed as:
𝜙=

180−𝛽

(50)

2

The angle 𝜙 can be expressed with respect to 𝑥:
𝜙(𝑥) =

180−𝛽(𝑥)

(51)

2

Using the initial condition, 𝛽(0) = 0 and boundary condition, 𝛽(𝑙𝑎𝑟𝑐 ) = 𝛽. The
bend angle as a function of position can be expressed as:
𝑥

𝛽(𝑥) = 𝑙

𝑎𝑟𝑐

𝜙(𝑥) =

180−(

𝛽

(52)

𝑥
)𝛽
𝑙𝑎𝑟𝑐

(53)

2

The total length of the bend section:
𝛽

𝑙𝑎𝑟𝑐 = 360 (2𝜋𝑟)

(54)

Substituting equation (54) in equation (53) yields:
𝑥

𝜙(𝑥) = 90 [1 − (𝜋𝑟)]

(55)

The force as a function of position can bed expressed as:
𝑥

𝐹(𝑥) = 𝜅𝜙(𝑥) = 180𝜅 [1 − (𝜋𝑟)]
Therefore, assuming that the normal force on the cable, 𝐹𝑁 = 2𝐹, the friction
force for a bend section can be written as;
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𝑥

𝐹𝑓 (𝑥) = 𝑓𝐹𝑁 = 2𝑓𝐹(𝑥) = 180𝑓𝜅 [1 − (𝜋𝑟)]

(57)

This proposed formula takes into account the properties of the cable (resistance to
bend), coefficient of friction, bend radius, and bend angle.
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4.
4.1.

Experimental Approach And Results

Experimental Verification of Pressure Gradient

Figure 17: Pressure Gradient Experiment Schematic.
The objective of this experiment is to determine the pressure gradient along a
horizontal length of duct. A horizontal section of 100ft long 12.7mm/10mm (OD/ID) was
laid out with pressure gauges at 10ft intervals from start to end. All pressure gauges used
were glycerine filled gauges with dual scale (psi and bar) with an accuracy of ±1.6% and
temperature range of -40˚ to 180 ˚F. The psi scale ranges from 0-200psi with a resolution
of 5psi while the bar scale ranges from 0-14bar with a resolution of 0.5bar. The pressure
gauge uncertainty is ±2.5psi/±0.25bar. A compressor with a maximum pressure of 175psi
with 24CFM flow (at maximum pressure) fitted with a dual pressure gauge (psi and kPa)
was used for air supply. The psi scale ranges from 0-400psi with a resolution of 10psi while
the bar scale ranges from 0-2750kPa with a resolution of 50kPa.
A master gauge was calibrated using a dead weight tester and was further used to
calibrate the rest of the pressure gauges to be used for the pressure gradient experiment.
With the master gauge connected to the dead weight tester, traceable weights were loaded
onto the dead weight tester and the corresponding readings on the master gauge were
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recorded as shown in table 1 below. The readings on the master gauge were rounded up
based on the resolution.
Table 1: Master Gauge Calibration Result
Dead Weight
Tester
(inH2O)
(psi)
204
7.4
304
11.0
404
14.6
504
18.2
604
21.8
704
25.4
804
29.0
904
32.7
1004
36.3
1104
39.9
1204
43.5
1304
47.1
1404
50.7
1504
54.3

Master Gauge
(psig)
10
10
15
20
25
25
30
35
35
40
45
45
50
55

The master gauge was placed in line between the air compressor and the
experimental setup. The duct was pressurized for calibration by plugging the air exit and
supplying air into the duct. The reading of the each pressure gauge was recorded. Table 2,
shows the result of the calibration for the experimental pressure gauges.
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Table 2: Calibration Results for Experimental Pressure Gauges
Master
Gauge
(psig)

0

10

20

30

10
15
20
25
30
35
40
35
30
25
20
15
10

10
15
20
25
30
35
40
35
30
25
20
15
10

15
20
25
30
35
40
45
40
35
30
25
20
15

10
15
20
25
30
35
40
35
30
25
20
15
10

10
15
20
25
30
35
40
35
30
25
20
15
10

Distance (ft)
40
50
60
Gauge Reading (psig)
5
5
10
10
10
15
15
15
20
20
20
25
25
25
30
35
35
35
40
40
40
35
35
35
30
30
30
25
25
25
15
15
20
10
10
15
0
0
10

70

80

90

100

10
15
20
25
30
35
40
35
30
25
20
15
10

10
15
20
25
30
35
40
35
30
25
20
15
10

10
15
20
25
30
35
40
35
30
25
20
15
10

10
15
20
25
30
35
40
35
30
25
20
15
10

From table 2 above, it can be observed that there is a zero shift error (+5psi) in the
gauge readings at 10ft. However, the error in the gauge readings at 40ft and 50ft cannot be
adequately described. Performing the calibration with a larger calibration range may
provide more insight to the type of error. The calibration range used in this experiment was
limited to the maximum available traceable weight (1504inH2O). The rest of the gauge
readings were consistent with the master gauge. The calibration results were used to correct
the gauge readings for the pressure gradient experiment. The pressure gauges at 40ft and
50ft were considered defective and their respective readings were omitted from the final
result.
To perform the pressure gradient experiment, the air exit was unplugged and air
was allowed to flow freely through the duct. The pressure along the length of the duct
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section was determined by recording the pressure readings at their respective locations.
The measured values were corrected according to the results from the calibration and were
compared to the calculated values using the pressure gradient equation from equation (46),
see Table 3 and Figure 18. The pressure gradient can be observed to follow a snake-like
pattern from start to end. The pressure is observed to decrease with increasing distance
along the duct but the pattern cannot be adequately predicted.
Table 3: Pressure Gradient Experiment Results
Distance (ft)
30
60
70

Master
Gauge

0

10

20

Master Gauge Calibration (psig)

40.0
40.0

40.0
40.0

40.0
35.0

35.0
35.0

30.0
30.0

25.0
25.0

Dead Weight Calibration (psig)

39.9

39.9

32.7

32.7

29.0

Measured Pressure (psi)

54.5

54.5

47.3

47.3

-

54.5

51.9

49.2

Actual Reading (psig)

Calculated Values (psi)

80

90

100

15.0
15.0

10.0
10.0

10.0
10.0

0.0
0.0

25.4

14.6

11.0

11.0

0.0

43.6

40.0

29.2

25.6

25.6

14.6

46.3

36.3

32.3

27.7

22.1

14.6

60.0

Pressure (psi)

50.0
40.0
30.0

Measured

20.0

Calculated

10.0
0.0
0

20

40

60

80

100

Distance (ft)

Figure 18: Measured and Calculated Pressure Gradient vs. Distance along the Open
Ended Duct
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4.2.

Experimental Determination of Cable Resistance to Bend (𝜿)

Figure 19: Cable Bend Stiffness Experiment Schematic.
The purpose of this experiment is to determine the resistance to bend for a 3.8mm
cable. The cable is fixed on one side such that the free length of the cable, R, was 0.1016m.
The cable was loaded with a weight and the vertical deflection was recorded. The vertical
deflection was then used to calculate the angle of deflection. Three different cable samples
were used with different weights. The experiment was conducted twice and the values were
averaged. Table 4 and Figure 20 show the result of the experiment.
Table 4: Result of Bend Resistance Experiment

Weight (N)

Length R
(m)

Deflection δ (m)
1

2

Avg.
Deflection
(m)

Angle of
Deflection
(°)

i

0.1068

0.1016

0.0210

0.0240

0.0225

12.79

ii

0.2135

0.1016

0.0540

0.0550

0.0545

32.44

iii

0.3158

0.1016

0.0760

0.0760

0.0760

48.42
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Weight vs. Angular Deflection
0.35
y = 0.0066x
R² = 0.9765

Weight (N)

0.3
0.25
0.2
0.15
0.1
0.05
0
0.00

10.00

20.00

30.00

40.00

50.00

60.00

Angular Deflection (°)

Figure 20: Weight vs Angular Deflection
The slope of the trendline in Figure 20 (0.0066) is the cable resistance to bend, 𝜅.
This value can be used to predict the force on a cable from the bend angle.
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5.

Program

The forces derived in Chapter 3 were used to develop a program using Microsoft
Excel VBA. With known information about the installation setup – such as: installation
route, cable diameter, duct inner diameter, cable unit weight, coefficient of friction, inlet
pressure, cable bend stiffness, and push/pull force – the program can be used to predict the
achievable installation distance. The program will not predict installation greater than the
provided total duct length. The program assumes perfectly straight sections and perfect
bends without accounting for undulations or variations.
The program consists of two macros: Input_Data and Fiber_Code. The Input_Data
macro can be started by using the keyboard shortcut keys “Ctrl+i”. This prompts the user
to enter the total number of sections in the installation route.

Figure 21: Screenshot of Input_Data Prompt
After entering the total number of sections, the user will then be prompted for more
input data that would be entered directly into the spreadsheet as shown in the Figure 22.
The data should be entered using the specified units. The correct section type number
should be selected and only input data relevant to the section type should be entered. See
Table 5 for reference.
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Table 5: Section, Section Type Code, Required Input Data
Section

Section Type Code

Required Input Data

Horizontal

1

Section length

Vertical up

2

Section length

Vertical down

3

Section length

Incline up

4

Section length, Incline angle

Incline down

5

Section length, Incline angle

Bend

6

Bend angle, Bend radius
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Figure 22: Screenshot of Spreadsheet Input Data
Finally, the keyboard shortcut keys “Ctrl+r” can be used to run the Fiber_Code
macro. This uses the input data to generate the final result as shown in Figure 23.
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Figure 23: Screenshot of Spreadsheet Result
The Fiber_Code calculates the section length for the bend sections using the bend
angle and radius. This is then added to the entered lengths of the rest of the sections as the
total duct length. It also calculates the total friction force in each section of the duct which
is summed as the total friction force. The total blow force is calculated using the derived
blow force equation along with the pressure gradient equation. The total applied force is
then calculated by adding the total blow force and the push/pull force.
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The program was slightly modified to account for the air loss through the cable
seal. When air is introduced into the air block, most of the air moves down the duct in the
direction of cable installation while the rest of the air is lost through the cable seals in the
opposite direction of installation. This air loss could create a force that hinders the cable
installation. The corresponding force was deducted from the total air blowing force in the
program.
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6.

Validation

The developed program was be used to validate the derived forces by comparing
the results of the program to a real-life installation. A 3.8mm cable was installed into an
8.5mm/6.0mm (OD/ID) duct. The installation route consists of seven identical loops of
225.6m. Succeeding loops are coupled if there is potential for further installation as the
cable exits the current loop. The maximum installed distance was 478m.
The same parameters for the real-life installation were used in the program. Each
loop was divided into sections (see Appendix A2 for sections description). The installed
distance has 46 sections. However, the program predicted that the installation could be
completed with potential for further installation since the friction forces did not exceed the
applied forces. Therefore, additional sections were added to determine the maximum
installable distance predicted by the program. At 50 sections, the friction forces exceeded
the applied forces and the program predicted a maximum installable distance of
approximately 538m. See appendix A3 for program details.
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7.

Conclusion

Fiber optics has been very promising since its introduction in the
telecommunication industry. It has numerous advantages over the existing copper
infrastructure. It adequately satisfies the needs of the consumers for higher bandwidth and
overall better services.
There are two main methods of cable installation: cable pulling and cable blowing.
Cable blowing has become more popular because it is capable of achieving longer
installation distances and it is also less likely to damage the cable. The air pressure is very
important especially for laminar flow type cable blowing. The result of the pressure
gradient experiment showed pressure differences, between measured and calculated
values, as high as 4.6psi (10.4%) and 4.2psi (15.3%). However, the pattern of the measured
pressure gradient cannot be adequately described with a trendline or an equation.
Therefore, the derived equation is a good approximation for pressure in a duct or pipe.
The air, friction, and gravitational forces were derived. A method was proposed to
determine the friction force on a cable moving through a bend using the cables resistance
to bend which should be determined experimentally. Equation (57) was developed based
on Hooke’s law. An experiment was conducted on 3.8mm cable to determine its resistance
to bend. A constant value of 0.0066N/° was found. The derived equations were used to
develop a program and details of a real-life installation were used in the program. The
installed distance from the real life installation was 478m while the program predicted
539m (12.7% error).
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Undulations or other forms of variations in the duct route can affect the outcome of
an installation. They may be predicted but in most cases the duct has already been installed
in the ground or overhead and undulations or any form of variation in the duct route cannot
be easily identified. Pressure loss at the machine could also affect installation. During the
installation, there was noticeable air loss between the cable seal and the cable. The cable
seal needs to be fairly loose over the cable to prevent additional resistance to the cable
during installation. The air loss in the opposite direction of the installation could create a
negative pressure gradient and reduce the effect of the air in propelling the cable.
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8. Future Work
It is important to know or closely approximate the installation route in order to
accurately predict the outcome of an installation. A position recording device could be
developed for this purpose. The device should be able to fit in the inner-duct. The device
should be quickly blown or installed through the inner-duct and retrieved at the end of the
route. The information gathered from the device should provide a good approximation of
the installation route.
The air flow is complimentary to the push force in cable blowing. However, air loss
in the installation setup reduces the effect of the air and decreases the achievable
installation distance. A method should be designed to direct all the air into the duct. If the
proposed design cannot be accomplished, the amount of air loss should be measured and
the effect should be appropriately considered when predicting the achievable installation
distance.
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10.
A1.

Appendix

Nomenclature
𝜃𝑖 : 𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒
𝜃𝑟 : 𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛
𝑛𝑖 : 𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝑖𝑛𝑑𝑒𝑥 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑚𝑒𝑑𝑖𝑢𝑚
𝑛𝑟 : 𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝑖𝑛𝑑𝑒𝑥 𝑜𝑓 𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝑚𝑒𝑑𝑖𝑢𝑚
𝑛𝑐𝑜𝑟𝑒 : 𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝑖𝑛𝑑𝑒𝑥 𝑜𝑓 𝑐𝑜𝑟𝑒
𝑛𝑎𝑖𝑟 : 𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝑖𝑛𝑑𝑒𝑥 𝑜𝑓 𝑎𝑖𝑟
𝐷: 𝑑𝑢𝑐𝑡 𝑖𝑛𝑛𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
𝑑: 𝑐𝑎𝑏𝑙𝑒 𝑜𝑢𝑡𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
𝑥: 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛
𝑑𝑥: 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛
𝑑𝑝: 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒
𝐹. 𝑅. : 𝑓𝑖𝑙𝑙 𝑟𝑎𝑡𝑖𝑜
𝐹ℎ𝑠 : ℎ𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 𝑓𝑜𝑟𝑐𝑒
𝐹𝑣 : 𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒
𝐹𝑣,𝑐 : 𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒 𝑎𝑐𝑡𝑖𝑛𝑔 𝑜𝑛 𝑐𝑎𝑏𝑙𝑒
𝐹𝑏𝑙𝑜𝑤 : 𝑎𝑖𝑟 𝑏𝑙𝑜𝑤𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒
𝑓: 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛
𝑤𝑥 : 𝑢𝑛𝑖𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑎𝑏𝑙𝑒
𝐹: 𝑟𝑒𝑠𝑢𝑙𝑡𝑎𝑛𝑡 𝑓𝑜𝑟𝑐𝑒
𝐹𝑁 : 𝑛𝑜𝑟𝑚𝑎𝑙 𝑓𝑜𝑟𝑐𝑒
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𝐿: 𝑠𝑎𝑚𝑝𝑙𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑑𝑢𝑐𝑡
𝑙: 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑑𝑢𝑐𝑡
𝑙𝑎𝑟𝑐 : 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑎𝑟𝑐
𝑝𝑖 : 𝑖𝑛𝑙𝑒𝑡 𝑝𝑟𝑒𝑠𝑢𝑟𝑒
𝑝𝑒 : 𝑒𝑥𝑖𝑡 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒
𝑝: 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒
𝑝𝑥 : 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑎𝑡 𝑝𝑜𝑖𝑛𝑡 𝑥
𝑝1 : 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑎𝑡 𝑝𝑜𝑖𝑛𝑡 1
𝑝2 : 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑎𝑡 𝑝𝑜𝑖𝑛𝑡 2
𝜌0 : 𝑐𝑎𝑏𝑙𝑒 𝑏𝑙𝑜𝑤𝑖𝑛𝑔 𝑎𝑖𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒
𝜌𝑎 : 𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒
𝑝(𝑥): 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑎𝑠 𝑎 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛
𝜌: 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
𝜌𝑥 : 𝑑𝑒𝑛𝑠𝑖𝑦 𝑎𝑡 𝑝𝑜𝑖𝑛𝑡 𝑥
𝑣: 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
𝑣𝑥 : 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑎𝑡 𝑝𝑜𝑖𝑛𝑡 𝑥
ϸ: 𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚
𝑚: 𝑚𝑎𝑠𝑠
𝑚̇: 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
𝛴: 𝑠𝑢𝑚𝑚𝑎𝑡𝑖𝑜𝑛
𝐴: 𝑎𝑟𝑒𝑎
τ𝑤 : 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠
𝑔: 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
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𝑧: 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛
𝑢: 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦
ℎ𝐿 : ℎ𝑒𝑎𝑑 𝑙𝑜𝑠𝑠
𝑛: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠
𝑚: 𝑚𝑎𝑠𝑠
𝑀: 𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠
𝑅: 𝑔𝑎𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
𝑅𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 : 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑔𝑎𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
𝑇: 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
𝜅: 𝑏𝑒𝑛𝑑 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒
𝜙: 𝑏𝑒𝑛𝑑 𝑎𝑛𝑔𝑙𝑒 𝑓𝑟𝑜𝑚 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑝𝑎𝑡ℎ 𝑜𝑓 𝑚𝑜𝑡𝑖𝑜𝑛
𝛽: 𝑏𝑒𝑛𝑑 𝑎𝑛𝑔𝑙𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑐𝑎𝑏𝑙𝑒/𝑑𝑢𝑐𝑡
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A2.

Sections Description

Figure 24: Horizontal Section

Figure 25: Vertical Section

Figure 26: Incline Section

Figure 27: Bend Section
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A3.

Program Input & Result

Fah_dux
Cable Diameter (m)
Duct Inner Diameter (m)
Cable Unit Weight (N/m)
Coefficient of Friction
Inlet Pressure (N/m^2)
Atmospheric Pressure (N/m^2)
Cable Bend Stiffness (Nm/°)
Push/Pull Force (N)
Total Number of Sections
Total Blow Force (N)
Total Applied Force (N)
Total Friction Force (N)
Total Duct Length (m)
Total Installed Distance (m)

0.0038
0.006
0.196
0.3
1172109
101352.9
0.0066
30
60
3.063363868
33.06336387
41.403924
681.0937122
538.714085

Section #

Section Type
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Incline Angle (°)
6
2
6
1
6
1
6
1
6
1
6
1
6
1
6
1
6
3
6
1
6
2
6
1
6
1
6
1
6
1
6
1
6
1
6
1
6
3
6
1
6
2
6
1
6
1
6
1
6
1
6
1
6
1
6
1
6
3
6
1
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Bend Angle (°)
Bend Radius (m)
Section length (m)
90
1.16
1.822123739
2.2
90
1.16
1.822123739
15.6
90
1.16
1.822123739
64.9
90
1.16
1.822123739
9.2
90
1.16
1.822123739
79.3
90
1.16
1.822123739
9.1
90
1.16
1.822123739
11.3
90
1.16
1.822123739
15
90
1.16
1.822123739
2.2
90
1.16
1.822123739
0.01
90
1.16
1.822123739
2.2
90
1.16
1.822123739
15.6
90
1.16
1.822123739
64.9
90
1.16
1.822123739
9.2
90
1.16
1.822123739
79.3
90
1.16
1.822123739
9.1
90
1.16
1.822123739
11.3
90
1.16
1.822123739
15
90
1.16
1.822123739
2.2
90
1.16
1.822123739
0.01
90
1.16
1.822123739
2.2
90
1.16
1.822123739
15.6
90
1.16
1.822123739
64.9
90
1.16
1.822123739
9.2
90
1.16
1.822123739
79.3
90
1.16
1.822123739
9.1
90
1.16
1.822123739
11.3
90
1.16
1.822123739
15
90
1.16
1.822123739
2.2
90
1.16
1.822123739
0.01
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A4.

VBA Program

Sub for Input Data
Sub input_data()

ActiveSheet.UsedRange.Delete

Total_number_of_sections = InputBox("Enter Total Number of Sections")

Cells(1, 1) = "Fah_dux"

Cells(3, 1) = "Cable Diameter (m)"
Cells(4, 1) = "Duct Inner Diameter (m)"
Cells(5, 1) = "Cable Unit Weight (N/m)"
Cells(6, 1) = "Coefficient of Friction"
Cells(7, 1) = "Inlet Pressure (N/m^2)"
Cells(8, 1) = "Atmospheric Pressure (N/m^2)"
Cells(9, 1) = "Cable Bend Stiffness (Nm/°)"
Cells(10, 1) = "Push/Pull Force (N)"
Cells(11, 1) = "Total Number of Sections"

Cells(11, 2) = Total_number_of_sections

Cells(18, 1) = "Section #"
Cells(18, 2) = "Section Type"
Cells(18, 3) = "Incline Angle (°)"
Cells(18, 4) = "Bend Angle (°)"
Cells(18, 5) = "Bend Radius (m)"
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Cells(18, 6) = "Section length (m)"

For i = 1 To Total_number_of_sections
Cells(i + 18, 1) = i

Next

End Sub

Sub for Program Calculator
Sub Fiber_Code()

Dim D_c, D_d, w_x, k, µ, P_i, P_atm, Total_number_of_sections, F_p, F_t, x_t, E, E_x,
Pi, x_tot As Double

Dim Theta(100), x(100), Section_Type(100), Beta(100), R(100), F(100), F_d(100),
F_b(100), F_bd(100), t(100), F_blow(100) As Double

'Cable diameter
D_c = Cells(3, 2)
'Duct diameter
D_d = Cells(4, 2)
'Unit Weight
w_x = Cells(5, 2)
'Coefficient of friction
µ = Cells(6, 2)
'Inlet Pressure (gauge)
P_i = Cells(7, 2)
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'Atmospheriic Pressure
P_atm = Cells(8, 2)
'Cable bend stiffness
k = Cells(9, 2)
'Push/pull force
F_p = Cells(10, 2)
'Total number of sections
Total_number_of_sections = Cells(11, 2)
'Total force
F_t = 0
'Cummulative length
x_t = 0
'Defining Pi
Pi = Excel.WorksheetFunction.Pi()
'Defining radians
Z = 2 * Pi / 360
'Control for final section
E=0
'Total duct length
x_tot = 0

'Loop to determine total duct length for pressure gradient calculation
For j = 1 To Total_number_of_sections
'Section Type: Horizontal=1, Vertical_Up=2, Vertical_Down=3, Incline_Up=4,
Incline_Down=5, Bend=6"
Section_Type(j) = Cells(j + 18, 2)
If Section_Type(j) = 1 Then
'Length of section
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x(j) = Cells(j + 18, 6)

ElseIf Section_Type(j) = 2 Then
'Length of section
x(j) = Cells(j + 18, 6)

ElseIf Section_Type(j) = 3 Then
'Length of section
x(j) = Cells(j + 18, 6)

ElseIf Section_Type(j) = 4 Then
'Length of section
x(j) = Cells(j + 18, 6)

ElseIf Section_Type(j) = 5 Then
'Length of section
x(j) = Cells(j + 18, 6)

ElseIf Section_Type(j) = 6 Then
'Incline angle
Theta(j) = 0
'Bend angle
Beta(j) = Cells(j + 18, 4)
'Bend radius
R(j) = Cells(j + 18, 5)
'Length of section
x(j) = (Beta(j) / 360) * 2 * Pi * R(j)
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End If

x_tot = x_tot + x(j)

Next

'Iteration
For i = 1 To Total_number_of_sections
'Section Type: Horizontal=1, Vertical_Up=2, Vertical_Down=3, Incline_Up=4,
Incline_Down=5, Bend=6"
Section_Type(i) = Cells(i + 18, 2)
If Section_Type(i) = 1 Then
'Incline angle
Theta(i) = 0
'Bend angle
Beta(i) = 0
'Bend radius
R(i) = 0
'Length of section
x(i) = Cells(i + 18, 6)
'Horizontal force
F(i) = w_x * x(i) * ((µ * Cos(Z * Theta(i))) + (Sin(Z * Theta(i))))

ElseIf Section_Type(i) = 2 Then
'Incline angle
Theta(i) = 90
'Bend angle
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Beta(i) = 0
'Bend radius
R(i) = 0
'Length of section
x(i) = Cells(i + 18, 6)
'Vertical up force
F(i) = w_x * x(i) * ((µ * Cos(Z * Theta(i))) + (Sin(Z * Theta(i))))

ElseIf Section_Type(i) = 3 Then
'Incline angle
Theta(i) = 90
'Bend angle
Beta(i) = 0
'Bend radius
R(i) = 0
'Length of section
x(i) = Cells(i + 18, 6)
'Vertical down force
F(i) = w_x * x(i) * ((µ * Cos(Z * Theta(i))) - (Sin(Z * Theta(i))))

ElseIf Section_Type(i) = 4 Then
'Incline angle (Enter Smallest Angle From Horizontal Plane (°))
Theta(i) = Cells(i + 18, 3)
'Bend angle
Beta(i) = 0
'Bend radius
R(i) = 0
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'Length of section
x(i) = Cells(i + 18, 6)
'Incline up force
F(i) = w_x * x(i) * ((µ * Cos(Z * Theta(i))) + (Sin(Z * Theta(i))))

ElseIf Section_Type(i) = 5 Then
'Incline angle (Enter Smallest Angle From Horizontal Plane (°))
Theta(i) = Cells(i + 18, 3)
'Bend angle
Beta(i) = 0
'Bend radius
R(i) = 0
'Length of section
x(i) = Cells(i + 18, 6)
'Incline down force
F(i) = w_x * x(i) * ((µ * Cos(Z * Theta(i))) - (Sin(Z * Theta(i))))

ElseIf Section_Type(i) = 6 Then
'Incline angle
Theta(i) = 0
'Bend angle
Beta(i) = Cells(i + 18, 4)
'Bend radius
R(i) = Cells(i + 18, 5)
'Length of section
x(i) = (Beta(i) / 360) * 2 * Pi * R(i)
'Bend force
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F(i) = 180 * µ * k * (1 - (x(i) / (Pi * R(i))))
'F(i) = 180 * µ * k * (1 - (x(i) / (Pi * R(i)))) / x(i)

End If

'Display length of each section
Cells(i + 18, 6) = x(i)
'Cummulative friction and gravitational force
F_t = F_t + F(i)
'Cummulative distance
x_t = x_t + x(i)
'Cummulative blowing force
F_blow(i) = 0.25 * Pi * D_c * (D_d - 0.0045) * ((P_i + P_atm) - ((((P_i + P_atm) ^ 2)
- ((((P_i + P_atm) ^ 2) - ((P_atm) ^ 2)) * ((x_t) / x_tot))) ^ (0.5)))
'Force difference
F_d(i) = F_p + F_blow(i) - F_t

'Iteration for final section
If E = 0 Then T_i_d = x_t

If E > 0 Then GoTo Last

'Finding the achievable distance with the remaining force
If F_d(i) < 0 Then E = F_d(i) + F(i)

If E = 0 Then GoTo Last

If Section_Type(i) = 1 Then
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E_x = E / (w_x * ((µ * Cos(Z * Theta(i))) + (Sin(Z * Theta(i)))))

ElseIf Section_Type(i) = 2 Then
E_x = E / (w_x * ((µ * Cos(Z * Theta(i))) + (Sin(Z * Theta(i)))))

ElseIf Section_Type(i) = 3 Then
E_x = E / (w_x * ((µ * Cos(Z * Theta(i))) - (Sin(Z * Theta(i)))))

ElseIf Section_Type(i) = 4 Then
E_x = E / (w_x * ((µ * Cos(Z * Theta(i))) + (Sin(Z * Theta(i)))))

ElseIf Section_Type(i) = 5 Then
E_x = E / (w_x * ((µ * Cos(Z * Theta(i))) - (Sin(Z * Theta(i)))))

ElseIf Section_Type(i) = 6 Then
E_x = (1 - (E / (180 * µ * k))) * Pi * R(i)

End If

If F_d(i) < 0 Then T_i_d = x_t - x(i) + E_x

Last:
'Total blowing force
F_blow_t = 0.25 * Pi * D_c * (D_d - 0.0045) * ((P_i + P_atm) - ((((P_i + P_atm) ^ 2) ((((P_i + P_atm) ^ 2) - ((P_atm) ^ 2)) * ((T_i_d) / x_tot))) ^ (0.5)))

Next
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Cells(12, 1) = "Total Blow Force (N)"
Cells(13, 1) = "Total Applied Force (N)"
Cells(14, 1) = "Total Friction Force (N)"
Cells(15, 1) = "Total Duct Length (m)"
Cells(16, 1) = "Total Installed Distance (m)"

Cells(12, 2) = F_blow_t
Cells(13, 2) = F_p + F_blow_t
Cells(14, 2) = F_t
Cells(15, 2) = x_tot
Cells(16, 2) = T_i_d

End Sub
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